original contributions nature publishing group Historically, hypertensive patient risk stratification for cardiovascular outcomes was based on the average blood pressure (BP) as measured in the doctor's office. In the last 2 decades, ambulatory BP monitoring (ABPM) and self-operated home devices provide additional useful information. Other characteristics of BP such as diurnal variation and BP variability (BPV) 1,2 were found to have considerable prognostic value. Recently, increased visit-to-visit BPV has been shown in large cohorts to predict all-cause mortality 3 and the risk of stroke and other cardiovascular outcomes 4 independently of the average systolic BP (SBP).
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Background antihypertensive β-blocker use is associated with greater intervisit blood pressure variability (BPV) and with less favorable outcomes compared to other antihypertensive agents. a theoretical model demonstrated that accuracy and precision of BP measurement are affected by heart rate (hR) at a constant cuff deflation rate. We aimed to examine the empirical relationship between hR and BPV in a clinical setting.
Methods
Intratracing variability in ambulatory BP monitoring (aBPM) were analyzed in search of a link between BPV and hR. BPV was expressed as standard deviation (s.d.), coefficient of variation (cV), and variability independent of the mean (VIM).
results
In a dataset of 4,693 subjects, hR was inversely associated with BPV and independently explained 1.3% of between-subject variation in s.d. of awake systolic BP (1.5% of cV and VIM). Linear regression suggested 0.5 mm hg increase in s.d. of systolic BP per 10 beats per minute (bpm) decrease in hR. In a subset of 1,019 patients with available data on medications, hR was independently and inversely related with awake systolic BPV (P < 0.0001), more so in diuretic (P < 0.050) and renin-angiotensin system antagonists-treated (P < 0.050) patients. associations of β-blockade with increased BPV were abolished by model-adjustment for hR. In another subset of patients who were monitored twice (n = 635), hR had a mild (0.6%) but significant (P < 0.05) inverse contribution to the change in awake systolic BPV between repeated monitoring.
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Bradycardia and BP Variability
Although almost 60 years ago BP measurement recommendations noted that the cuff deflation rate should vary with heart rate (HR) (2-3 mm Hg per heartbeat), 8 this method has been abandoned and current guidelines recommend a constant deflation rate of 2 mm Hg/s. 9 When using a constant cuff deflation rate, the number of heartbeats (i.e., the number of Korotkoff sounds or oscillometric pulse waves) upon which SBP and diastolic BP (DBP) are determined, is dependent on the patient's HR (Figure 1) . That is, a smaller "sample size" of heartbeats is used when measuring BP in a patient with bradycardia compared to a nonbradycardic patient.
A computer simulation of different cuff deflation rate protocols using a constant BP and HRs in the range of 40-120/min was used to determine the error in BP measurement contributable to HR. 10 The error using a constant cuff deflation rate was greater at lower HRs. For example, at a constant deflation rate of 3 mm Hg/s, the maximal error in determining systolic BP was −1.5 and −4.3 mm Hg at a HR of 120 and 40/min, respectively. The maximal error in determining diastolic BP was +1.4 and +4.3 mm Hg at HRs of 120 and 40/min, respectively. In a small study by Zheng et al, 11 participants' BP was measured using an oscillometric device. Then, a faster (two-to sevenfold) cuff deflation rate was simulated using the collected data. With manual data extraction, the mean measured SBP declined from 132 to 125 mm Hg when a sevenfold deflation rate was assumed. The average within-subject systolic BPV was 4.0 and 7.5 mm Hg at baseline deflation rate and seven times faster deflation rate, respectively. The mean measured DBP increased from 78 to 84 mm Hg when a sevenfold deflation rate was assumed, and diastolic BPV increased from 2.5 to 6.0 mm Hg. Whereas simulated results of average SBP and DBP using automated modeling were robust to changes in deflation rate, systolic BPV increased by 0.9 and 2.2 mm Hg and diastolic BPV increased by 1.1 and 1.3 mm Hg, depending on the model used to interpret the oscillometric pulse waves (linear vs. polynomial, respectively). Thus, in this study, variability was positively related, and precision inversely related, with cuff deflation rate, even with modeled data extraction. These data imply that, in lower HRs both accuracy and precision of BP determination may be compromised by Figure 1 | Theoretical relationship between deflation rate, heart rate, and systolic blood pressure measurement detection lag. The chosen heart rates, 50 (bottom) and 80 (top), represent the 5th and 95th percentiles of resting heart rate (as inferred from our sleep monitoring data), respectively. Note underestimation of true blood pressure accompanied by amplified measurement scattering as a result of faster deflation rate (compare 2 and 4 mm hg/s) or slower heart rate (compare upper and lower panels).
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HR-nonresponsive cuff deflation. With lower HR, accuracy is compromised since chances of SBP underestimation and DBP overestimation are higher (Figure 1 ). Moreover, with lower HR precision may also be compromised as suggested by Zheng et al. 11 The theoretical result is increased BPV on repeated measurements. Higher BPV has been postulated to account for comparatively higher stroke rates among patients treated with β-blockers. However, it may be that increased variability is in part related to bradycardia induced by these agents. Underestimation of SBP associated with bradycardia and, in turn, undertreatment of hypertension, may hypothetically provide explanation for the observed poorer outcomes in patients receiving β-blockers. In the current study, we aimed to empirically determine the relationship between HR and variability of BP measurements. ABPM, ambulatory blood pressure monitoring; ACEi, angiotensin-converting enzyme inhibitors; ARB, angiotensin receptor blockers; BP, blood pressure; bpm, beats per minute; BPV, blood pressure variability; Ca-blockers, calcium channel blockers; CV, coefficient of variation; HR, heart rate; HTN, hypertension; IQR, inter-quartile range; Rx, medication; VIM, variability independent of mean. Linear models were run with s.d., CV or VIM of awake systolic blood pressure as the dependent variable. Independent variables, introduced in a stepwise manner (P entry = 0.050; P removal = 0.10), included age, gender, body mass index, treatment for hypertension, treatment for diabetes, mean systolic blood pressure, awake heart rate, and variability (s.d.) of awake heart rate. BP, blood pressure; bpm, beats per minute; CV, coefficient of variation; Rx, medication; VIM, variability independent of the mean. Partial correlation coefficients and corresponding P values ( a ) are presented for the final step of each model, while the change in R 2 ( b ), analogous to the percent variation explained, is given for the corresponding step in the models. Dashes (-) denote the respective variables did not enter the stepwise model. Figure 2 | awake systolic blood pressure variability (and 95% cI) plotted vs. awake heart rate deciles (n = 4,693). BP, blood pressure; bpm, beats per minute; cV, coefficient of variation; VIM, variability independent of the mean. 12 Twenty-four-hour ABPM was executed as previously described. 13 The monitor was mounted on the nondominant arm between 8:00 and 10:00 am and removed 24 h later. Recordings were made every 20 min between 6:00 am and midnight and every 30 min between midnight and 6:00 am. A mercury sphygmomanometer was initially attached to the monitor via a Y-connector to verify agreement between the two modes of measurement (within a range of 5 mm Hg). Cuff size was selected according to measured arm circumference: 24-cm pediatric cuff, 24-to 32-cm standard adult cuff, and >32-cm large adult cuff. Sleep, including daytime naps (reported in ~30%), was logged in a diary. Daytime sleep was not included in the awake BP average. BPV was expressed using standard deviation (s.d.) and the coefficient of variation (CV). BPV was further assessed using the variability independent of mean (VIM). VIM is a measure of variability uncorrelated with mean BP, given by VIM = s.d./mean x , wherein the parameter x is estimated from the power curve of SBP s.d. plotted against mean SBP (described in ref. 14). In our cohort x = 1.022 for awake SBP; 1.001 for sleep SBP; 0.218 for awake DBP; and 0.336 for sleep DBP.
All consecutive patients were studied for ambulatory BPV. Stepwise linear regression model covariables included age, gender, treatment status for hypertension and diabetes, body mass index (BMI), BP indexes, HR and HR variability (s.d.). The normality assumption was examined by inspecting histograms and normal P-P plots of the regression standardized residuals. In a subset of patients for whom the antihypertensive medication regimen was available, we analyzed the effect of medications on the relationship between HR and BPV using medication class-stratified linear regression models. Odds ratios for increased (i.e., above median) BPV with use of β-blockers were calculated using logistic regression; other medications (number) and HR were covariates in the adjusted models. In another subset of patients with repeated ABPM sessions, we evaluated determinants of the change in BPV between sessions. Determinants were detected by multivariable repeated-measures analysis of variance and further explored with stepwise linear regression with the change in BPV as the dependent variable.
Data are expressed as mean ± s.d., unless otherwise specified. Two-sided nominal P < 0.05 were considered significant. PASW Statistics 17.0 (SPSS,. Chicago, IL) was used for statistical analysis. The need for informed consent was waived by the institutional ethics committee owing to the service-based nature of our study. Patients' characteristics (n = 4,693) are shown in Table 1 . HR was inversely associated with BPV (Figure 2) , and independently explained 1.3% of the variation in s.d. of awake SBP between subjects, as determined by multivariable linear Regression slopes (β) and 95% confidence intervals (95% CI) were derived from linear regression models with awake systolic blood pressure variability (s.d., CV or VIM) as the dependent variables and awake heart rate as the independent variable. Covariates in these models included age, gender, diabetes treatment status, number of blood pressure medications, body mass index, awake systolic blood pressure, and variability of awake heart rate (s.d.). The full models in the undivided population with available data on medication are presented in supplementary table s2 online. ACEi, angiotensin-converting enzyme inhibitors; ARB, angiotensin receptor blockers; Ca-blocker, calcium channel blocker; CV, coefficient of variation; VIM, variability independent of the mean. a In these models, VIM was entered as % (similar to CV) to facilitate comparison between the respective regression slopes. b P value for the interaction of medication class with awake heart rate < 0.050.
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Bradycardia and BP Variability regression. Mean SBP (12.7%), age (3.3%), gender (1.2%), s.d. of HR (0.8%), and treatment for hypertension (0.5%) also contributed to the variance in the model ( Table 2 and Supplementary Table S1 online). In a subset of 1,019 patients with available data on medication, we found that HR is inversely related to systolic BPV, in subjects treated or untreated with any of the five major antihypertensive drug classes ( Table 3) . This association was more pronounced in patients treated with diuretics or renin-angiotensin system antagonists (P < 0.050 for the interaction between both medication classes and HR in the linear model, not shown). We next examined the specific association of β-blockers with BPV using logistic regression. β-Blockade associated with increased odds of high (above median) BPV (s.d., CV, and VIM). These tendencies, however, were as a rule abolished by adjusting for HR ( Table 4) . According to a fully adjusted model (Supplementary Table S2 online), the slope of the association of awake systolic BPV (s.d.) with HR was −0.05 mm Hg (95% CI −0.06 to −0.03 mm Hg) per +1 beats per minute (bpm), or −0.45 mm Hg (95% CI −0.57 to −0.33 mm Hg) per +10 bpm.
Lastly, we analyzed another subset of patients who had been monitored twice (n = 635) to investigate effectors of changes in BPV. With multivariate repeated-measures analysis of variance, we determined that Δ (awake HR) was a significant within-subject determinant of awake systolic BP variability (s.d., CV and VIM-all P values <0.050), adjusting for age, gender, Δ (BMI), Δ (awake SBP), Δ (s.d. of awake HR), and intersession time interval (not shown). We thus quantified the association with linear regression, and found that the change in HR has a mild (0.6%) contribution to the change in awake systolic BP variability, which was significant (P < 0.050 for s.d., CV, and VIM) with partial r values between −0.080 and −0.082 (compare with r = −0.010 with the change in BMI and r = −0.100 with the intersession interval), Table 5 .
discussion
We found that lower HR associates with increased BPV during ABPM, independent of the use of specific antihypertensive medications. Correction for HR eliminated the increased systolic BPV found among patients treated with β-blockers. We therefore suggest that the association of greater BPV with worse outcome in users of β-blockers may be in part confounded by bradycardia. These findings were established in a Odds ratios were computed using logistic regression models with above-median BPV as the dependent variable, β-blockers as a categorical dependent variable and ( a ) other medications (number) and heart rate (awake or asleep, as appropriate) as covariates in the adjusted models. (Note that for sleep SBP, CV and VIM yield identical values-this is due to the fact that CV of sleep SBP is already independent of the mean, and thus almost identical to VIM). BPV, blood pressure variability; CI, confidence interval; CV, coefficient of variation; DBP, diastolic blood pressure; OR, odds ratio; SBP, systolic blood pressure; VIM, variability independent of the mean. Linear models were run with s.d., CV or VIM of awake systolic blood pressure as the dependent variable. Independent variables, introduced in a stepwise manner (P entry = 0.050; P removal = 0.10), included age, gender, body mass index, treatment for hypertension, treatment for diabetes, mean systolic blood pressure, awake heart rate, and variability (s.d.) of awake heart rate. Partial correlation coefficients and corresponding P values are presented for the final step of each model, while the change in R 2 , analogous to the percent variation explained, is given for the corresponding step in the models. ABPM, ambulatory blood pressure monitoring; BMI, body mass index; BP, blood pressure; bpm, beats per minute; CV, coefficient of variation; SBP, systolic blood pressure VIM, variability independent of the mean.
fairly large number of patients, are independent of drug treatment (within the limitations of our available data on 1,019 patients), and are also evident in analysis of repeated measurements. Thus, they represent a robust observation. It has been shown for visit-to-visit BPV that about 50% of group s.d. of SBP at any follow-up is a result of within-individual visit-to-visit variability. Thus, studies reporting increased interindividual variability of BP in association with lower HR may indirectly support our argument. Such studies include observations on elderly population (PAMELA, n = 248), 15 in whom the group variability (s.d.) of night-time BP was higher than that of daytime BP; 13.3/8.1 mm Hg vs. 12.3/7.6 mm Hg, respectively (for CV the calculated values would be 11.7/12.6% vs. 9.6/9.9%), while night-time HR and HR variability were lower than daytime; 64.2 ± 7.6 vs. 79.0 ± 8.4, respectively. Likewise, baseline data from a European hypertension drug study (n = 1,663) showed reduction in night-time HR and HR variability accompanied by increased BPV. 16 In a previous report from our laboratory, the CV of systolic BP in untreated patients rose from 9.2% to 13% and 14% during the siesta and night sleep (a rise of 41% and 52% respectively, accompanied by a sleep-related drop in HR). 17 Regardless of variability, underestimation of true SBP and subsequent undertreatment may be a true contributor to worse outcome in hypertensive patients receiving β-blockers. Our findings add empirical quantification to the thoughtful, though not widely appreciated, theoretical model of Yong and Geddes. 9 Our work also adds another dimension to the solid observations and monumental analyses of Rothwell and coworkers. 2, [4] [5] [6] Despite the fact that BP was properly measured with well-validated instruments in these studies, we suggest that inherent systematic measurement error of currently used BP monitors may have been present. For perspective, our empirical finding of +1.5 mm Hg increase in s.d. of systolic BP associated with 30 bpm lower HR, may explain a large portion of the BPV difference observed in clinical studiesnote for example the 2.4 mm Hg difference in intervisit s.d. of SBP in atenolol (13.4 mm Hg) vs. amlodipine (11.0 mm Hg) treated Anglo-Scandinavian Cardiac Outcomes Trial-Blood Pressure Lowering Arm (ASCOT-BPLA) patients. 5 Our analyses have limitations, among them the referred nature of our patients and lack of full data on medication, smoking, and complicating medical conditions that may affect HR. Yet these limitations would have tended to mask the evident effect we found, and thus it is in all likelihood an underestimation of the true effect of bradycardia on BPV. HR is a significant determinant of BPV, and the shift from manual mercury sphygmomanometry (whereby deflation rate might have been intuitively adjusted by the experienced observer in face of bradycardia), to automated instruments with constant deflation rate may augment this link. Reconsideration of prior clinical studies that evaluated nondihydropyridine calcium channel blocker, β-blockers, and central sympathomimetics, which are known to be negative chronotropics, may be interesting in context of the relationship between HR and BPV. If supported by future investigations, these observations may substantiate reviving BP measurement guidelines from the 1950's, which advocated HR-responsive cuff deflation, 8 and algorithms modification for automated BP monitors to include deflation rate adjustment by HR.
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